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 2 
INTRODUCTION 26 
Primary ciliary dyskinesia (PCD) is a genetic condition causing progressive lung disease, 27 
which starts during early childhood. Identifying early lung disease is therefore important 28 
for the initiation and assessment of early intervention to maintain lung health (1, 2). 29 
Assessment of lung function in PCD may have a significant clinical overlap with cystic 30 
fibrosis (CF) (3), the aim being to identify small, but clinically significant airways 31 
obstruction within the lung. Spirometry is insensitive to early lung abnormality in CF and 32 
PCD, however the lung clearance index (LCI) derived from multiple breath washout (MBW) 33 
can detect early ventilation heterogeneity in patients with CF (4). Recent studies utilising 34 
LCI in PCD have however highlighted that the relationship between pathophysiology and 35 
functional changes in PCD may not be entirely consistent with CF (3, 5, 6).  Hyperpolarised 36 
gas ventilation MRI has been proven to be highly sensitive to early lung disease (7, 8), 37 
response to treatment (9) and to the deterioration of lung function (10) in CF and is well 38 
tolerated by children as young as 5 years (11). In this study we present our findings of 39 
preliminary studies with hyperpolarised gas ventilation MRI in children with PCD.  40 
 41 
METHODS 42 
This is a retrospective analysis of children diagnosed with PCD, referred to our centre for 43 
clinical assessment to further investigate their lung function. These patients had either 44 
normal FEV1 or mild to moderate airflow obstruction (12, 13) but with on-going symptoms. 45 
On the day of testing all subjects were free from pulmonary exacerbation, were not 46 
undergoing any new acute treatments and felt well. Each child performed hyperpolarised 47 
gas ventilation MRI, MBW and spirometry. This study was performed under clinical 48 
research governance for retrospective research using clinical data.  49 
 50 
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3D volumetric hyperpolarised helium-3 (3He) ventilation MR images and 1H anatomical 51 
images were acquired during the same breath-hold on a 1.5T GE scanner (14). From these 52 
images two indices were calculated; (i) ventilation defect percentage (VDP), which 53 
quantifies the percentage of the lung volume that is not ventilated, and (ii) the mean 54 
coefficient of variance of ventilated image signal intensity (CV), a metric of regional 55 
ventilation heterogeneity. 1H steady state free precession MR images were separately 56 
acquired for assessment of lung morphology and mucus (15). Previous CT imaging was also 57 
reviewed for comparison when available. 58 
 59 
MBW was performed as previously described (16) and the parameters LCI, Scond and Sacin 60 
were calculated. The upper limit of normal for LCI was defined as >7.4 (16). 61 
 62 
Due to the small sample size, Spearman correlations were performed between lung 63 
function and MRI metrics. A p-value <0.007 was deemed to be statistically significant after 64 
Bonferonni correction. 65 
 66 
RESULTS 67 
11 children with PCD (8 female) were assessed and their individual demographics, lung 68 
function and MRI metrics are summarised in Table 1. Seven children had situs inversus 69 
totalis.  70 
  71 
All 11 children had ventilation defects on ventilation MRI (Figure 1). Defects were mostly 72 
small and heterogeneously distributed, with multiple defects present on most image slices 73 
throughout the lungs. One subject (B) had significant mucus plugging evident in the left 74 
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lower lobe on 1H MRI and on previous CT, which was associated with a large ventilation 75 
defect evident in all image slices. 76 
 77 
Five children (A, B and I-K) had abnormal LCI (>7.4 (16)) and six (A, B, G and I-K) had mild-78 
moderate airflow obstruction on spirometry (FEV1/FVC z-score <LLN and FEV1 z-score >-79 
3.02). All children with abnormal LCI also had abnormal FEV1 and one child had abnormal 80 
spirometry with LCI just below the upper limit of normal. The six children with airflow 81 
obstruction also had the highest VDP values. 82 
 83 
There were only significant correlations between VDP and; LCI (Figure 2), and FEV1/FVC 84 
(r=-0.83,p=0.003). CV did not significantly correlate with FEV1 or FEV1/FVC but 85 
demonstrated the closest correlation with LCI (r=0.71, p=0.02). 86 
 87 
Seven children (B-D, F, H-J) had comparable CT imaging performed within 3.5 years prior 88 
to MRI (B-1year, CȂ8months, D-3.4years, F-3.4years, H-3.4years, I-1year, J-3.5years prior). 89 
Patient H and I had normal CT images. Patients C, D and F had bronchial wall thickening. 90 
Patient B, C and J had CT findings of mucus plugging (B, J) or bronchiectasis (C, J) that 91 
correlated with 3He and 1H MRI. 92 
 93 
DISCUSSION 94 
In children with PCD, lung ventilation abnormalities are evident on hyperpolarised gas 95 
ventilation MRI despite the presence of normal LCI and FEV1. When compared to our 96 
healthy control cohort of 10 children (aged 7.1-15.6 years) previously reported (7), none 97 
of the healthy controls had visible defects and all had VDP values <1.88% and LCI values 98 
<7.4. Computed tomography imaging in PCD suggests a predominance of middle and lower 99 
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lobe disease (17). In the group we present, ventilation defects were observed in these lung 100 
regions, but there were often additional ventilation defects present in the upper lobes, 101 
possibly caused by mucus plugging that precedes structural change. 102 
 103 
Ventilation MRI has been shown to be more sensitive than LCI and FEV1 for detection of 104 
ventilation abnormalities in CF (7). The ventilation images we report suggest this finding 105 
is consistent in children with PCD. LCI and FEV1 inherently reflect global lung function 106 
averaged across the whole lung, this potentially masks mild ventilation heterogeneity. 107 
Ventilation MRI however provides high spatial resolution assessment of ventilation 108 
abnormalities at a given static lung volume, providing assessment of both the size and 109 
nature of un-ventilated lung regions and also the heterogeneity of ventilation. The imaging 110 
metric VDP appears to be sensitive to lung disease in PCD and, despite the small patient 111 
numbers, correlates with LCI, a pattern consistent in CF (7, 18), suggesting that the two 112 
techniques may be reflecting similar pathophysiology. 113 
 114 
A possible limitation of this analysis is the fact that CT imaging was not performed in all 115 
patients at the same time for comparison. However, we have previously shown that 3He 116 
MRI has greater sensitivity to mild lung disease than CT (7) and the radiation burden of CT 117 
is a concern in this group of young patients. Indeed, avoiding exposure to ionising radiation 118 
was a key factor in the referral for ventilation MRI. With recent advances in 1H MRI the 119 
sensitivity of structural MRI to detect lung disease has also increased (19, 20).  When 120 
employed alongside hyperpolarised gas MRI, this would allow detailed sensitive 121 
assessment of both functional and structural lung disease without the need for sedation or 122 
ionising radiation. We recognise however that at present this technology is limited to 123 
specialist centres, however with the advent of xenon-129 ventilation MRI the technology is 124 
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now clinically accessible to any large hospital with MRI capability. The small sample size is 125 
a limitation of this work, which may restrict the generalizability of these findings to all 126 
people with PCD. 127 
 128 
In conclusion, ventilation defects are present in children with PCD even in the presence of 129 
normal LCI and FEV1. This pattern is consistent with findings in patients with CF, and 130 
suggests that hyperpolarised gas ventilation MRI is a sensitive method for detecting lung 131 
disease in children with PCD. 132 
 133 
 134 
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Table 1: Patient demographics, lung function and ventilation MRI metrics for all 11 patients. Diagnostic information on; Cilia beat frequency 135 
and pattern, nasal nitric oxide, genetics and electron-microscopy findings, are supplied where available. 136 
Patient A B C D E F G H I J K Mean 
             
Sex F F F F F F F F M M M  
Age (years) 14.7 9.4 14.4 12.1 12.2 17.0 17.3 10.1 7.3 16.5 15.7 13.3 
Height (cm) 160.6 140.2 165.0 155.5 154.5 151.9 146.6 125.9 120.3 162.5 179.2 151.1 
Weight (kg) 39.0 26.0 66.0 66.0 44.5 45.0 45.0 24.0 21.0 56.0 86.5 47.2 
FEV1 z-score -2.11 -3.24 -0.67 0.57 0.69 0.56 -2.36 0.17 -3.02 -1.47 -2.06 -1.09 
FEV1/FVC z-
score 
-1.73 -3.24 -0.5 -1.00 -1.44 -1.49 -2.32 0.52 -3.05 -3.03 -1.67 -1.72 
LCI 8.76 7.78 6.94 6.03 6.79 7.35 7.34 6.41 11.09 10.7 8.55 7.98 
Scond 0.03 0.10 0.06 0.03 0.02 0.05 0.06 0.05 0.07 0.06 0.09 0.06 
Sacin 0.29 0.08 0.12 0.07 0.06 0.03 0.18 0.07 0.28 0.17 0.14 0.12 
VDP (%) 13.20 11.75 4.67 2.60 2.05 6.60 7.54 3.20 20.07 20.68 4.99 8.85 
CV (%) 19.10 12.99 12.45 15.60 10.79 13.36 12.25 11.72 19.84 22.67 15.21 15.06 
             
Cilia beat 
frequency 
(Hz) and 
pattern 
6.5 
Static or 
very 
reduced 
amplitude 
2.9 
Stiff, barely 
flickered 
 
6.7 
Normal 
11.7 
Dyskinetic 
motion 
10.9 
Jerking-like 
motion 
 
5.8 
Dyskinetic 
motion 
- 
Static Cilia 
5.8 
Stationary 
or 
dyskinetic 
motion 
5.8 
Static or very 
stiff motion 
2.6 
Static 
18.4 
Dyskinetic, 
stiff motion 
 
             
Nasal nitric 
oxide 
(nL/min) 
30 <1.5 31.5 8.4 161.1 6.3 17.7 5.4 3.6 6.3 7.8  
             
Genetics - DNAH5 
DNAAF5 
heterozygo
us 
- CCDC103 - - - - DNAL1 -  
             
EM Findings 
Absence of 
inner & 
outer 
dynein 
arms 
Absence of 
inner & 
outer 
dynein 
arms 
No defect 
found 
Slight 
increase in 
microtubular 
defects. Slight 
increase in 
ciliary 
disorientation
. 
No defect 
found 
Absence of 
inner 
dynein 
arms 
Absence of 
inner & 
outer 
dynein 
arms 
Absence of 
inner & 
outer 
dynein 
arms 
Lack of inner 
dynein arms & 
displacement 
of the central 
microtubular 
pairs 
Absence 
of outer 
dynein 
arms 
Absence of 
inner 
dynein 
arms 
 
137 
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Figure Legends: 138 
 139 
 140 
Figure 1: Representative single 3He MR ventilation image slices from four patients with 141 
PCD, with representative 1H MRI and CT slices for patients B and J. The patient letter 142 
corresponds to Table 1 and throughout the text. The four examples demonstrate the types 143 
of ventilation defects seen. Patient C had spirometry and LCI values within the normal 144 
range, where as patients A, B and J had abnormal spirometry and LCI. Patient B has a 145 
collapsed left lower lobe with dilated bronchi (see arrows) and mucus plugs (arrowhead) 146 
evident on 1H MRI (B*) (the arrow on 1H MRI points to a dilated bronchus containing high 147 
signal mucous) and CT (coronal 4mm minimal intensity projection CT - B**). These findings 148 
correspond with the clear-cut ventilation defects on 3He MRI (the CT image was performed 149 
approximately 8 months prior to MRI). Patient J has bronchiectasis evident on both 1H MRI 150 
(J*) and CT (J**) (see arrows) in the left middle lobe and right lingular segment where 151 
ventilation defects are apparent on 3He MRI. It is worth noting however that the CT image 152 
in this patient predates the MRI by 3.5 years and it may be the case that structural 153 
abnormalities may be more prevalent if CT were to be performed at the time of the MRI. 154 
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 155 
 156 
Figure 2: Spearman correlations between lung clearance index (LCI) and both ventilation 157 
defect percentage (VDP) and coefficient of variance of ventilated image signal intensity 158 
(CV) for the patients with PCD (closed circles). The dashed vertical line at an LCI value of 159 
7.4 represents the upper limit of normal (16). When comparing VDP and LCI we have added 160 
healthy control data (open circles) for reference, these data points were not included in the 161 
Spearman correlation analysis.  162 
   163 
 10 
REFERENCES 164 
1. Goutaki M, Maurer E, Halbeisen FS, Amirav I, Barbato A, Behan L, Boon M, Casaulta 165 
C, Clement A, Crowley S, Haarman E, Hogg C, Karadag B, Koerner-Rettberg C, 166 
Leigh MW, Loebinger MR, Mazurek H, Morgan L, Nielsen KG, Omran H, Schwerk 167 
N, Scigliano S, Werner C, Yiallouros P, Zivkovic Z, Lucas JS, Kuehni CE, 168 
Consortium PCDI, Swiss PCDG, French Reference Centre for Rare Lung D, 169 
Genetic Disorders of Mucociliary Clearance C. The international primary ciliary 170 
dyskinesia cohort (iPCD Cohort): methods and first results. The European 171 
respiratory journal 2017; 49. 172 
2. Lucas JS, Barbato A, Collins SA, Goutaki M, Behan L, Caudri D, Dell S, Eber E, Escudier 173 
E, Hirst RA, Hogg C, Jorissen M, Latzin P, Legendre M, Leigh MW, Midulla F, 174 
Nielsen KG, Omran H, Papon JF, Pohunek P, Redfern B, Rigau D, Rindlisbacher 175 
B, Santamaria F, Shoemark A, Snijders D, Tonia T, Titieni A, Walker WT, Werner 176 
C, Bush A, Kuehni CE. European Respiratory Society guidelines for the 177 
diagnosis of primary ciliary dyskinesia. The European respiratory journal 2017; 178 
49. 179 
3. Irving SJ, Ives A, Davies G, Donovan J, Edey AJ, Gill SS, Nair A, Saunders C, Wijesekera 180 
NT, Alton EW, Hansell D, Hogg C, Davies JC, Bush A. Lung clearance index and 181 
high-resolution computed tomography scores in primary ciliary dyskinesia. 182 
American journal of respiratory and critical care medicine 2013; 188: 545-549. 183 
4. Aurora P, Gustafsson P, Bush A, Lindblad A, Oliver C, Wallis CE, Stocks J. Multiple 184 
breath inert gas washout as a measure of ventilation distribution in children 185 
with cystic fibrosis. Thorax 2004; 59: 1068-1073. 186 
5. Boon M, Vermeulen FL, Gysemans W, Proesmans M, Jorissen M, De Boeck K. Lung 187 
structure-function correlation in patients with primary ciliary dyskinesia. 188 
Thorax 2015; 70: 339-345. 189 
6. Green K, Buchvald FF, Marthin JK, Hanel B, Gustafsson PM, Nielsen KG. Ventilation 190 
inhomogeneity in children with primary ciliary dyskinesia. Thorax 2012; 67: 191 
49-53. 192 
7. Marshall H, Horsley A, Taylor CJ, Smith L, Hughes D, Horn FC, Swift AJ, Parra-Robles 193 
J, Hughes PJ, Norquay G, Stewart NJ, Collier GJ, Teare D, Cunningham S, Aldag I, 194 
Wild JM. Detection of early subclinical lung disease in children with cystic 195 
fibrosis by lung ventilation imaging with hyperpolarised gas MRI. Thorax 2017; 196 
72: 760-762. 197 
8. Thomen RP, Walkup LL, Roach DJ, Cleveland ZI, Clancy JP, Woods JC. Hyperpolarized 198 
129Xe for investigation of mild cystic fibrosis lung disease in pediatric patients. 199 
Journal of cystic fibrosis : official journal of the European Cystic Fibrosis Society 200 
2017; 16: 275-282. 201 
9. Altes TA, Johnson M, Fidler M, Botfield M, Tustison NJ, Leiva-Salinas C, de Lange EE, 202 
Froh D, Mugler JP, 3rd. Use of hyperpolarized helium-3 MRI to assess response 203 
to ivacaftor treatment in patients with cystic fibrosis. Journal of cystic fibrosis : 204 
official journal of the European Cystic Fibrosis Society 2017; 16: 267-274. 205 
10. Smith L, Marshall H, Aldag I, Horn F, Collier G, Hughes D, West N, Horsley A, Taylor 206 
CJ, Wild JM. Longitudinal Assessment of Children with Mild CF Using 207 
Hyperpolarised Gas Lung MRI and LCI. American journal of respiratory and 208 
critical care medicine 2017. 209 
11. Koumellis P, van Beek EJ, Woodhouse N, Fichele S, Swift AJ, Paley MN, Hill C, Taylor 210 
CJ, Wild JM. Quantitative analysis of regional airways obstruction using 211 
 11 
dynamic hyperpolarized 3He MRI-preliminary results in children with cystic 212 
fibrosis. J Magn Reson Imaging 2005; 22: 420-426. 213 
12. Quanjer PH, Stanojevic S, Cole TJ, Baur X, Hall GL, Culver BH, Enright PL, Hankinson 214 
JL, Ip MS, Zheng J, Stocks J, Initiative ERSGLF. Multi-ethnic reference values for 215 
spirometry for the 3-95-yr age range: the global lung function 2012 equations. 216 
The European respiratory journal 2012; 40: 1324-1343. 217 
13. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, Crapo R, 218 
Enright P, van der Grinten CP, Gustafsson P, Jensen R, Johnson DC, MacIntyre 219 
N, McKay R, Navajas D, Pedersen OF, Pellegrino R, Viegi G, Wanger J, Force AET. 220 
Standardisation of spirometry. The European respiratory journal 2005; 26: 221 
319-338. 222 
14. Horn FC, Tahir BA, Stewart NJ, Collier GJ, Norquay G, Leung G, Ireland RH, Parra-223 
Robles J, Marshall H, Wild JM. Lung ventilation volumetry with same-breath 224 
acquisition of hyperpolarized gas and proton MRI. NMR Biomed 2014; 27: 225 
1461-1467. 226 
15. Failo R, Wielopolski PA, Tiddens HA, Hop WC, Mucelli RP, Lequin MH. Lung 227 
morphology assessment using MRI: a robust ultra-short TR/TE 2D steady state 228 
free precession sequence used in cystic fibrosis patients. Magn Reson Med 229 
2009; 61: 299-306. 230 
16. Horsley AR, Gustafsson PM, Macleod KA, Saunders C, Greening AP, Porteous DJ, 231 
Davies JC, Cunningham S, Alton EW, Innes JA. Lung clearance index is a 232 
sensitive, repeatable and practical measure of airways disease in adults with 233 
cystic fibrosis. Thorax 2008; 63: 135-140. 234 
17. Frija-Masson J, Bassinet L, Honore I, Dufeu N, Housset B, Coste A, Papon JF, 235 
Escudier E, Burgel PR, Maitre B. Clinical characteristics, functional respiratory 236 
decline and follow-up in adult patients with primary ciliary dyskinesia. Thorax 237 
2017; 72: 154-160. 238 
18. Kanhere N, Couch MJ, Kowalik K, Zanette B, Rayment JH, Manson D, Subbarao P, 239 
Ratjen F, Santyr G. Correlation of Lung Clearance Index with Hyperpolarized 240 
129Xe Magnetic Resonance Imaging in Pediatric Subjects with Cystic Fibrosis. 241 
American journal of respiratory and critical care medicine 2017; 196: 1073-242 
1075. 243 
19. Dournes G, Menut F, Macey J, Fayon M, Chateil JF, Salel M, Corneloup O, Montaudon 244 
M, Berger P, Laurent F. Lung morphology assessment of cystic fibrosis using 245 
MRI with ultra-short echo time at submillimeter spatial resolution. Eur Radiol 246 
2016; 26: 3811-3820. 247 
20. Maglione M, Montella S, Mollica C, Carnovale V, Iacotucci P, De Gregorio F, Tosco 248 
A, Cervasio M, Raia V, Santamaria F. Lung structure and function similarities 249 
between primary ciliary dyskinesia and mild cystic fibrosis: a pilot study. 250 
Italian journal of pediatrics 2017; 43: 34. 251 
 252 
